By means of molecular dynamics simulation, this article investigates the annealing process of a Co/Cu two-layer structure used for giant magnetoresistance applications. The many-body, tight-binding potential method is used to model the interatomic force which acts between the atoms, and the Langevin technique is incorporated into the motion equation such that the thermal control layer is maintained at a constant equilibrium temperature. The issues considered within this article include the annealing Cu surface roughness and Co/Cu interfacial roughness, the annealing morphology, the annealing microstructure, a comparison of Co and Cu migration abilities, and the extent of Co and Cu interdiffusion. The results of the present study indicate that the annealing temperature required to cause Co atom migration is greater than that which is required for Cu atoms. Consequently, once the annealing temperature exceeds a certain threshold value, a significant change in the Cu surface roughness will be observed before there is any obvious change in the Co/Cu interfacial roughness. It is also noted that the Cu film microstructure adopts a disordered state earlier in the annealing process when the annealing temperature is higher. Finally, it is determined that Co/Cu interdiffusion occurs at elevated annealing temperatures. The degree of interdiffusion becomes more pronounced as the annealing temperature increases, and in extreme cases, it is observed that Co atoms may diffuse to such an extent that they even appear on the Cu film surface.
I. INTRODUCTION
Giant magnetoresistance ͑GMR͒ properties have attracted a great deal of attention on account of their fundamental magnetic phenomenon and also because of their potential for application in magnetic storage systems [1] [2] [3] [4] and in microsensors. 5, 6 Such devices are typically constructed using a Co/Cu multilayer, [7] [8] [9] [10] [11] or from a Co x Cu 1Ϫx granular alloy. 12 Theoretical and experimental analyses have both indicated that the transport properties of a GMR material are strongly dependent upon its microstructural properties, including its interfacial roughness 7, 8 and interdiffusion [9] [10] [11] in the case of a multilayer structure, or the intergranular distance, particle shape, size, and structure 12 in the case of granular alloys. These properties are all determined by the postdeposition annealing process, in which the trench is gradually heated to a specified annealing temperature, maintained at that temperature for a period of time, and then allowed to cool gradually. Thus, a clear understanding of the relationship between the annealed microstructure and the annealing process control parameters is of paramount importance if the quality of the produced film is to be controlled such that the device requirements are fully satisfied.
A review of published literature shows that there has been substantial experimental investigation into various GMR properties. For example, Brückner et al. 11 investigated the interdiffusion, stress and microstructure evolution during the annealing process for Co/Cu/Co trilayers. Their results indicated that grain-boundary diffusion of Cu atoms through the Co top layer to the substrate surface starts to take place at around 450°C. The authors suggested that this Cu-Co interdiffusion explains the deterioration of the GMR effect, which is noted at approximately the same temperature. Laidler et al. 8 employed an x-ray scattering technique and magnetotransport measurements to study the influence of the Co/Cu interfacial roughness on the magnetoresistance ͑MR͒ property. Their study also investigated the evolution of the Co/Cu interfacial roughness during the annealing process for annealing temperatures of 200, 260, 290, and 320°C. Their results indicated that although there is no significant change in the interfacial roughness during the annealing process, there is a monotonic rise in both the resistivity, , and the resistivity difference, ⌬. Both of the aforementioned studies demonstrated that the MR properties are directly related to the annealed microstructure.
Compared to the number of experimental analyses found in published literature, the number of studies based upon numerical or analytical methods is rather limited. Lima et al. 7 used an Ising lattice gas model, which is used to simulate atom diffusion in a two-layer structure and which is governed by short-range interactions only, to assess the interface quality of a multilayer. The model developed as part of their study provided further confirmation of previous experimental results which had suggested that the minimum degree of interface roughness was a function of the annealing temperature. However, since their study adopted a simplified model, the detailed interdiffusion mechanism of atoms located in the vicinity of the interface was not considered.
Although it is well known that molecular dynamics ͑MD͒ simulation is an ideal technique for investigating the microscopic transport properties of current nanoscale devices and of those anticipated in the future, very few MD simulation investigations of the annealing process can be found in the available literature. However, Saito et al. 13 did use MD simulation to analyze the reflow process, which is very similar to the annealing process. Their simulation concerned the relationship between the flow state of an aluminum ͑Al͒ film along a trench wall and the temperature of that film. The pairwise, Morse and Lennard-Jones potentials were employed to simulate the atomic force between the aluminum film and the silicon substrate. Their results indicated that droplet formation depends strongly on the initial filmthickness distribution, the film temperature, and the bonding energy between the film and the substrate. Their analysis assumed that the distribution of the sputtered aluminum was a known given, and accordingly their investigation commenced directly with simulation of the reflow process. However, since in practice it is not possible to predict the exact distribution of the sputtered atoms, this assumption is not completely valid. In a similar study, Su et al.
14 investigated the reflow process for a damascene trench with uncompleted Cu filling. To overcome the limitation of Saito's study mentioned previously, this study adopted a more realistic simulation of the deposition process. Furthermore, the manybody, tight-binding potential method was used to model the interatomic force acting between the atoms, and the Langevin technique was adopted to model the heat flow through the thermal control layer.
This present article adopts the same methodology as applied in the previous study by the current authors, 14 and concentrates upon a simulation of the annealing process for a Co/Cu two-layer structure used in GMR applications. The study focuses upon the relationship between the annealing temperature and the resulting microstructural properties, namely, the Cu surface roughness and Co/Cu interfacial roughness, the annealing morphology, the annealing microstructure, the Co and Cu mean-square displacement, and the change in Co and Cu composition which occurs as a result of interdiffusion. The diffusion mechanisms and the annealing temperature effect are also presented and discussed in detail.
II. SIMULATION MODEL
As shown in Fig. 1͑a͒ , the initial annealing morphology is a two-layer Co/Cu structure, which is composed of five layers of Cu atoms deposited upon a base of six Co layers. In the present study, the Cu film morphology was obtained from a separate deposition simulation activity, in which the substrate was maintained at a constant room temperature of 300 K, and atoms were deposited at a rate of 0.005 atoms/ps with an incident energy of 0.1 eV. An assumption was made that the Cu film was grown on a perfectly flat Co substrate. Full details of this deposition process may be found in papers published previously by the current authors. [15] [16] [17] The initial annealing morphology shows that the Cu film is extremely uneven, and reveals the presence of a V-shape cavity running in the y direction.
A complete time history of the deposition and annealing process is presented in Fig. 1͑b͒ . Critical stages of the process are represented by the labels H 1 , H 2 , H 3 , and H 4 . It can be seen that the start of the deposition process represents the zero time reference, and that the annealing process commences immediately upon completion of Cu deposition. It is noted that the complete annealing process comprises three distinct stages. Initially, there is a gradual heating from the original substrate temperature to the specified annealing temperature. This is followed by a period of constant heating at that temperature, after which the temperature is allowed to cool gradually to the original room temperature, i.e., 300 K. The temperature is controlled via the thermal control layers, which are located below the six Co layers shown in Fig. 1͑a͒ . The temperature of the thermal layers during the three phases of the annealing process depends upon the particular annealing temperature conditions, e.g., the heating rate, the annealing temperature and the cooling rate. The thermal layer is governed by the Langevin equation, which may be expressed as follows:
where m i is the atom mass, v i is the atom velocity, ␥ i is the damping constant, F i is the atomic force acting between atoms, and R(t) is a random force, which satisfies the following equation:
͑2͒
where T 0 is the reference temperature of the substrate and ␦ is the Kronecker delta symbol. In Eq. ͑1͒, it is clear that the left side of the equation and the first term on the right-hand side represent the classical Newton's equation of motion. The second term on the righthand side is a damping term, while the third term represents a random force. The purpose of these additional terms is to control the thermal layers in such a way that its temperature fluctuates randomly around the equilibrium temperature. Although, this article deliberately omits a detailed theoretical description of this equation, interested readers are directed to the comprehensive computations of the thermal control algorithm presented in Ref. 18 -22. As regards the Cu layers deposited on the Co substrate, the atoms within these layers are also governed by Eq. ͑1͒, although it should be noted that the second and third terms on the right-hand side of the equation are omitted in this case.
The potential used in the current simulation is the manybody, tight-binding potential which commences by summing the band energy, characterized by the second moment of the d-band density of state, and a pairwise potential energy of the Born-Mayer-type, 23 i.e.,
where is an effective hopping integral, r i j is the distance between atom i and j, and r o is the first-neighbor distance. The parameters A, p, q, and are determined by the experimental data of cohesive energy, lattice parameter, bulk modulus, and two shear elastic constants, respectively. The parameters of the tight-binding potential relating to Cu and Co adopted in the current simulation are listed in Table I . 24 The interaction force on atom i can be expressed as
The simulation uses the Gear's predictor-corrector algorithm 25 to calculate the trajectories of atoms. Finally, the Co layers are arranged according to their lattice structure, i.e., the Co layers have a hexagonal closepacked ͑hcp͒ structure. A total of 9180 atoms are included within the simulation; 4680 within the Co layers and 4500 within the Cu layers. The lowest layer of the Co substrate, indicated by the white dots in Fig. 1͑a͒ , is fixed in order to prevent the atoms from shifting. Periodic boundary conditions are applied in the x and y directions.
It is to be noted that the calculations presented in this study, i.e., the root-mean-square roughness, the mean-square displacement and all film morphology heights, are expressed in terms of dimensionless coordinates, which are defined as the x, y, and z coordinate divided by the Cu first-neighbor distance, r 0ϪCu , i.e., (X,Y ,Z)ϭ(x/r 0ϪCu ,y/r 0ϪCu , z/r 0ϪCu ). In this way, the dimensions of the Co substrate shown in Fig. 1͑a͒ can be expressed as 15ϫ13ϫ6 in terms of dimensionless length, width, and height, respectively.
III. RESULTS AND DISCUSSION
In order to investigate the influence of different annealing temperatures on the film surface properties, the current study simulates an annealing process of duration 100 ps for four different constant annealing temperatures, namely, 800, 900, 1000, and 1100 K. In all four cases, the heating rate during the initial gradual heating stage is maintained at a constant 5 K/ps, while a cooling rate of Ϫ0.5 K/ps is adopted for the final cooling stage. Since the same heating and cooling rates are used for each of the four simulations, it will be clear that the time to complete these stages will vary from case to case. As stated previously, Fig. 1͑b͒ identifies critical time instants within the deposition and annealing process. H 1 indicates the end of the deposition process and the start of the gradual heating process. H 2 marks the end of this heating process, while the end of the annealing process and the start of the cooling process is indicated by H 3 . Finally, the end of the cooling stage is marked by H 4 . Figure 2͑a͒ shows the root-mean-square roughness, R, of the film following annealing at the four specified temperatures. The root-mean-square roughness is used to quantify the degree of surface roughness, and is calculated as follows:
A. Surface and interfacial roughness comparison
where n is the total number of exposed atoms which are either stationary or migrating in layer j at a specified time step, jϭ0 corresponds to the top substrate layer, Z represents the mean height of the film surface, and Z j gives the height of the exposed atoms. The Co/Cu interfacial roughness calculation is similar to Eq. ͑5͒, other than the fact that the Co atoms which are considered in the calculation are those which lie in Co/Cu interfacial positions rather than on the uppermost surface.
The continuous increase in surface roughness which is noted during the initial stages in Fig. 2͑a͒ corresponds to the initial deposition process. At the end of the deposition process, as indicated by H 1 in Fig. 2͑a͒ , there is no further increase in the surface roughness, i.e., the surface roughness attains its steady value. It can be seen that there is a slight oscillation in surface roughness when the heating stage commences. This is due to the thermal energy activating the Cu film atoms into a more violent motion. Figure 2͑a͒ shows that there is no significant change in the surface roughness from its steady value when an annealing temperature of 800 K is simulated. This may be attributed to the fact that the thermal energy conducted outwards through the Co substrate into the Cu film is not sufficient to activate migration of the Cu film atoms. However, when the annealing temperature exceeds 800 K, significant changes in surface roughness occur. Figure 2͑a͒ shows that other than the case of an annealing temperature of 1100 K, the surface roughness decreases as the annealing temperature increases. Actually, the discrepancy between the degree of surface roughness at annealing temperatures of 1000 and 1100 K is very small, i.e., approximately 0.05, which is far smaller than the Cu equilibrium distance of 1. In practice, it is very difficult to identify any difference in the surface roughness of the two final annealing morphologies for these two annealing temperature cases. This fact is confirmed by observation of Figs. 5͑b͒ and 6, which are presented later in this paper. Figures 5͑b͒ and 6 show the final morphology for annealing temperatures of 1000 and 1100 K, respectively, and it can be seen quite clearly that the two Co film morphologies exhibit an almost identically smooth film surface.
Regarding the magnitude of the change in surface roughness which occurs as the annealing temperature is increased, it can be seen that an increase of annealing temperature from 800 to 900 K has the greatest impact upon the change in surface roughness, while increasing the annealing temperature from 1000 to 1100 K results in almost no surface roughness change. In practice this means that the optimal annealing temperature, i.e., the temperature which will result in the best possible film surface properties, lies above a certain threshold value ͑e.g., 800 K in this case͒, and below a certain critical value, above which there will be no further improvement in surface roughness ͑e.g., 1000 K in the current case͒. Figure 2͑b͒ shows the variation of the Co/Cu interfacial roughness during the annealing process for each of the four annealing temperatures. The results indicate that the variation of the Co/Cu interface is the opposite to that which is noted for the Cu surface roughness shown in Fig. 2͑a͒, i. e., the Co/Cu interface becomes rougher as the annealing temperature is increased. Considering the magnitude of the Co/Cu interfacial roughness shown in Fig. 2͑b͒ , it can be seen that the interfacial roughness for annealing temperatures of 800 and 900 K, i.e., 1.6, is approximately equal to the surface roughness for annealing temperatures of 1000 and 1100 K. As stated previously, the resulting Cu film surface is very smooth for annealing temperatures of 1000 and 1100 K. Thus, it can be deduced that there is very little change in the Co/Cu interfacial roughness when the annealing temperature is increased from 800 to 900 K. However, there is a signifi- cant change in the interfacial roughness as the annealing temperature is increased to 1100 K. This suggests that some form of atom exchange process takes place in the vicinity of the Cu/Co interface. This exchange process is discussed in detail in a later section of this article.
B. Annealing morphology comparison
Figures 3͑a͒, 3͑b͒, and 3͑c͒ show the reflow morphology at time instants H 2 , H 3 , and H 4 , respectively, for an annealing temperature at 800 K. From Fig. 3͑a͒ , which shows the morphology at the completion of the gradual heating stage, it can be seen that the Cu film atoms in the vicinity of the V-shape cavity have been activated by the thermal energy, i.e., a comparison with Fig. 1͑a͒ shows that the V-shape cavity is now much shallower. During annealing at 800 K for 100 ps, the thermal energy is able to diffuse more uniformly to the film surface, with the result that the islands of atoms noted on either side of the V-shape cavity in Fig. 3͑a͒ become smoother. Figure 3͑b͒ shows the morphology at the end of the constant heating stage, i.e., at H 3 . The smoothing effect caused by atom migration is clearly visible. After a gradual cooling to room temperature, all of the atoms reach their equilibrium positions. Figure 3͑c͒ shows the final equilibrium morphology, i.e., at time instant H 4 . It is noted that the film thickness at the four corners is still greater than in the location of the original V-shape cavity, and therefore it can be deduced that the atom migration activated by the thermal energy at this annealing temperature is not sufficient to result in complete filling of the original concave film surface.
The observed morphology following gradual heating to an annealing temperature of 900 K, i.e., at time instant H 2 , is similar to that of Fig. 3͑a͒ other than the fact that more adatoms are accumulated above the V-shape cavity. ͓Note that since Figs. 3͑a͒-3͑c͒ are very similar, the morphology at H 2 for an annealing temperature of 900 K is deliberately omitted from this paper͔. Figure 4͑a͒ shows the annealing morphology at the end of the constant heating stage, H 3 . Comparing Fig. 4͑a͒ with Fig. 3͑b͒ , which shows the equivalent morphology for an annealing temperature of 800 K, it is noted that the arrangement of the Cu film is more disordered in the case of the higher annealing temperature. Figure 4͑b͒ shows the final annealing morphology at the end of the gradual cooling stage, i.e., at H 4 . It can be seen that the film surface is relatively smooth, and that the greater film thickness which was noted at the four corners in Fig. 3͑c͒ has now disappeared. This implies that an increase in the annealing temperature is helpful in promoting further film atom migration, which is beneficial in yielding a smoother film surface property.
As the annealing temperature is increased to 1000 K, the transition of the atom arrangement from an ordered structure to one of disorder takes places earlier than in the lower annealing temperature cases. Reference to Fig. 5͑a͒ shows that this transition takes place at time instant H 2 rather than at H 3 as was the case in Fig. 4͑a͒ . At the higher annealing temperature, the film atoms are activated into a violent state of motion. Fig. 5͑b͒ shows the final annealing morphology. Careful observation of the final annealing morphology shows that the   FIG. 3 . Annealing morphology for an annealing temperature of 800 K at an instant of ͑a͒ H 2 , ͑b͒ H 3 , and ͑c͒ H 4 . maximum variation in the height of the surface is only one atom, i.e. the surface is relatively flat.
Similar results are obtained for an annealing temperature of 1100 K, although the motion of the atoms is more violent, and this is reflected in a more disordered state at H 2 and H 3 than in the previous cases. ͑Note that snapshots at H 2 and H 3 are deliberately omitted.͒ Figure 6 shows the final reflow morphology at time H 4 . A comparison of Figs. 6 and 5 shows that there is virtually no difference between the morphologies, and it is almost impossible to determine which of the two surfaces is the more smooth.
C. Annealing microstructure comparison
In order to investigate the microstructure variation during the reflow process, Figs. 7-10 show the radial distribution function ͑RDF͒ of the Cu film at various stages of the process for the four different annealing temperatures. Figures  7͑a͒-7͑d͒ present the RDF of the Cu film at the four critical time instants, i.e., H 1 , H 2 , H 3 , and H 4 , for an annealing temperature of 800 K. ͑Note that details of the exact time of each instant are presented in the second row of Table II.͒ The upper left plot in Fig. 7 shows the RDF of the Cu film at H 1 , i.e., at the end of the deposition process, which is also the starting point of the gradual heating stage. Five peaks are clearly visible along the radial distance from the atom center, which is defined as r*ϭ ͱx 2 ϩy 2 ϩz 2 &r 0ϪCu .
This indicates that the Co film structure is close to the solid state of an fcc structure. As shown in the lower left plot, at the end of the gradual heating stage, i.e., at H 2 , the second peak has reduced in size. This reflects a change in the microstructure from the original fcc structure caused by thermal excitation of the atoms. Figure 7͑c͒ shows the RDF at the end of the constant heating stage, i.e., at H 3 . A comparison of the RDF at H 3 with that of H 2 shows that there is no change in the Cu film structure while annealing is carried out at a constant temperature. Finally, the RDF at the end of the cooling stage, i.e., at H 4 , is shown in the lower right plot of Fig. 7 . It can be seen that the peaks which had previously decreased in amplitude at H 2 and H 3 have now recovered their original structure, i.e., the structure returns to its condition prior to the annealing process ͑i.e., at H 1 ). Figures 8 -10 show the RDF at the end of the gradual heating stage, i.e., at H 2 , and at the end of the constant heating period, H 3 , for annealing temperatures of 900, 1000, and 1100 K. The RDF plots at H 4 , i.e., after completion of the gradual cooling stage, are intentionally omitted since the results are very similar in each case. Figure 8 indicates that the amplitudes of the peaks which appear at the five specific neighbor distances are smaller than those in Fig. 7 . This suggests that the microstructure of the Cu film tends to a disordered structure as the annealing temperature is increased. Similar results are obtained in Figs. 9 and 10. However, as can be seen in Fig. 9͑b͒ and in Figs. 10͑a͒ and 10͑b͒, the microstructure tends to become more disordered and to evolve towards a liquidous structure as the annealing temperature is increased. A comparison of the RDF plots at a time instant of H 2 in Figs. 8, 9 , and 10 shows that transition of the microstructure to a state of disorder occurs earlier when the annealing temperature is higher.
D. Mean-square displacement comparison
Figures 11͑a͒ and 11͑b͒ show the mean-square displacement ͑MSD͒ for the Cu and Co atoms, respectively, for annealing temperatures in the range of 500-1100 K. Note that until now, this paper has only discussed annealing temperatures in excess of 800 K. However lower annealing temperatures, i.e., 500, 600, and 700 K, are now introduced in order to fully investigate the concept of an annealing temperature threshold value. The value of the MSD is used to quantify the migration ability of the Cu and Co atoms during the annealing process, while its slope is taken to quantify the diffusion coefficient of the atoms. The MSD is calculated by means of the following equation:
where d i is the displacement vector of the atom i, and n is the total number of atoms. The results presented in Fig. 11͑a͒ show that the MSD value of the Cu atoms increases as the annealing temperature is increased. This indicates that the migration ability of the Cu atoms is enhanced at higher annealing temperatures. Observation of Fig. 11͑a͒ shows that the increase in Cu MSD which occurs for every increment of 100 K in the annealing temperature when the annealing tem- perature is greater than 800 K is much greater than the increase which is observed when the annealing temperature is incremented by 100 K in the lower annealing temperature range. From Fig. 2͑a͒ , it can be seen that the greatest improvement in surface roughness also occurs when the annealing temperature exceeds 800 K. Therefore, it would appear that the increased migration ability of the atoms is beneficial in generating a film with a smoother surface. From Fig. 11͑a͒ it can be seen that there is a critical value of annealing temperature above which the increase in MSD with increasing annealing temperature begins to become less significant. In the case of Fig. 11͑a͒ this critical value would appear to be 1000 K. Considering the increase in the Cu MSD which occurs as the annealing temperature is incremented in 100 K steps from 500 to 800 K, it can be seen that the greatest increase occurs when the temperature is increased from 700 to 800 K. However, this increment is still far less than that which occurs as the annealing temperature is increased from 800 to 900 K. Thus, it would appear that an annealing temperature of 800 K represents some sort of threshold value over which obvious migration of the atoms will take place.
It is interesting to compare the results of the Co MSD plot in Fig. 11͑b͒ with those for Cu shown in Fig. 11͑a͒ . It will be noted immediately that the annealing temperature threshold for the Co atoms is higher than the equivalent temperature for the Cu atoms, i.e., the most obvious increase in the Co MSD is observed when the annealing temperature is increased from 1000 to 1100 K, rather than from 800 to 900 K as was the case for the Cu atoms. Furthermore, it can be seen that the magnitude change in the MSD for Co is far smaller than for Cu atoms. This suggests that Co atoms are less readily activated by the input of thermal energy than are the Cu atoms.
A comparison of the change in magnitude of the Co MSD which occurs when the annealing temperature is increased from 800 to 900 K with that which takes place for Cu atoms under the same temperature increment, demonstrates the relatively poor migration ability of Co atoms. This also confirms that the Co/Cu interfacial roughness is nearly unchanged, i.e., due to the limited migration ability of the Co atoms.
An overall comparison of the Cu and Co MSD plots suggests that the threshold value for the annealing temperature is approximately 800 K for Cu atoms and around 1000 K for Co atoms. sition ͑indicated along the left axis͒, while the dashed lines represent the percentage of Cu composition ͑indicated along the right axis͒. The composition data of a particular monolayer is calculated by considering the number of atoms of each type within a cube whose center lies at the height of each monolayer, and whose height equals the pitch of the monolayers.
E. Annealing temperature effect on CoÕCu composition
The Co and Cu composition for an annealing temperature of 900 K shows that no Co or Cu atom interchange takes place near the ''Co/Cu interface.'' The term ''Co/Cu interface'' is defined as meaning the point at which there exists a distinct change in the Co or Cu composition; ideally, a change from one hundred percent Co to zero percent Co and vice versa for Cu. From Fig. 12 , it can be seen that a distinct Co/Cu interface is only achieved when the annealing temperature is less than 900 K, i.e., the intersection point of the Co and Cu compositions lies upon the original interface position, which is indicated by the vertical dashed line at 6.5 ML.
As the annealing temperature increases to a temperature greater than or equal to 1000 K, a distinct Co/Cu interface no longer exists. It can be seen in Fig. 12 that at an annealing temperature of 1000 K, a composition change in both Co and Cu occurs near the original Co/Cu interface. The Co composition decreases in the sixth layer, i.e., the adjacent layer to the first deposited Cu layer, but then increases slightly in the seventh and eighth Cu layers. A similar phenomenon is found when the annealing temperature is increased to 1100 K. However, as the annealing temperature is increased from 1000 to 1100 K, there is a significant decrease in the Co composition in the sixth layer, i.e., from 94.87% to 28.08%, and in the seventh layer from 100% to 91.28%. A gradual decrease in the Co composition is noted from the original outmost layer of the Co substrate towards the inner layer of the Co substrate as the annealing temperature is increased. As Fig. 12 shows, as the annealing temperature increases, the location of the ''Co/Cu interface'' moves toward to the base of the Co substrate.
The decreased composition of Co atoms represents a diffusion of these atoms into the Cu film, i.e., the percentage composition of Cu atoms within the Cu film reduces, while the percentage composition of the Co atoms increases. It will be noted that for a constant annealing temperature, the composition of the Co atoms throughout the Cu film thickness is approximately constant. This indicates that the activating thermal energy results in a thorough diffusion of Co atoms within the Cu film.
Finally, Fig. 13 shows a top view of the surface Co/Cu composition for annealing temperatures of 900, 1000, 1100, and 1200 K, in which the black dots represent the Co atoms and the white dots represent the Cu atoms. It can be seen quite clearly that more Co atoms are activated to diffuse to the uppermost surface as the annealing temperature increases.
IV. CONCLUSIONS
This article has presented an investigation into the annealing of a Co/Cu two-layer structure for GMR applications by means of a MD simulation technique, in which the manybody, tight-binding potential was used to model the interatomic force acting between atoms. In order to control the temperature precisely, the Langevin technique was adopted to incorporate two additional terms representing damping and random force into the motion equation. It is possible to draw several important conclusions from the present study.
͑1͒ The Cu surface roughness is greatly improved when the annealing temperature exceeds a threshold value of 800 K. The current results suggest that an annealing temperature range of 800-900 K is effective in removing surface roughness.
͑2͒ The Co/Cu interfacial roughness is not as sensitive to changes in annealing temperature as is the surface roughness when the annealing temperature is lower than 900 K. This is partly due to the fact that the diffusion ability is limited at these temperatures. However, the Co/Cu interfacial roughness is increased significantly at higher annealing temperatures.
͑3͒ The microstructural evolution for Cu layers during annealing indicates that the Cu film structure tends to a disordered state as the annealing temperature increases. Furthermore, this disordered state occurs earlier during the annealing process for higher annealing temperatures.
͑4͒ The MSD results indicate that Co atoms are less readily activated to migration than Cu atoms.
͑5͒ The interdiffusion of Co and Cu atoms occurs more significantly at annealing temperatures in excess of 900 K. This is due to the fact that Co atoms have a higher annealing temperature threshold value. The Co atoms diffuse to such an extent that they even appear on the Cu film surface at higher annealing temperatures.
͑6͒ The simulation results presented in Figs. 4͑a͒ and 5͑a͒ show a disordered phase and indicate that the melting phenomenon occurs at a temperature lower than the melting temperature. This rather surprising observation may be explained as follows. First, from the microscopic viewpoint, in accordance with the Lindemann criterion, the melting point is assumed to have been attained when the atomic-meansquare displacement due to thermal vibrations is equal to approximately 25% of the lattice constant. In other words, the surface atoms become disordered ͑i.e., they melt͒ at a significantly lower temperature than the bulk temperature. Second, due to the small size of the current simulation, it is only possible to reflect the melting phenomenon which occurs within a very small, restricted region close to the surface. These two factors may also explain why the bulk film appears to remain solid in the real annealing process, i.e. the melting phenomenon might occur only within a very restricted region.
